Abstract
contained layers of different soil color (Fig. 2) , and as such the depth of each layer and soil color
140
(using a Munsell rock-color chart) were recorded.
141
Soil redox potential (redox electrode, K-Series, Thermo Scientific, Germany) of each soil 142 layer was measured in situ immediately after excavation (n = 1). Soil solutions from the Mn 143 oxide barrier layers were sampled in situ using Rhizon soil moisture samplers (Eijkelkamp, 144 Germany). These solutions were analyzed for fluoride, chloride, sulfate and nitrate using ion 145 chromatography (DX-120, Dionex, USA). The solutions were also analyzed for Li, Na, K, Mg, 
151
Approximately 1 kg of soil per layer was collected in polyethylene bags from different 152 layers of P1 and P2 (Fig. 2) . The collected soils were air-dried and sieved (≤ 2 mm; nylon sieves,
153
Linker, Germany). Laboratory measurements were performed for soil electrical conductivity
154
(TetraCon 325, WTW, Germany) and pH using 0.01M CaCl 2 soil solutions (BlueLine 11 pH, 155 pH320, WTW) (Grawunder et al., 2009) . For soil total carbon content, approximately 500 mg of 156 the ground air-dried and sieved samples were filled in tin sample holders and measured (multi NC 2100, Analytic Jena, Germany). Conductivity and pH measurements were performed in 158 duplicate, while total carbon measurements were performed in triplicate, and averaged; standard 159 deviations were calculated from the repeat measurements.
160
For particle size distribution a proportion of about 3 g of the fraction ≤ 2 mm was mixed 161 with 0.1M Na 4 P 2 O 7 . 10H 2 O dispersing solution and shaken for 12 h for homogenization and 162 deflocculation. Organic matter in the soil samples was removed with 15% H 2 O 2 and 10% HCl,
163
and the samples were washed and centrifuged three successive times with deionized water to 164 remove remnants of the acid. Particle size distribution was determined using laser particle size 165 analyzer (Beckman Coulter LS 13 320, USA). Measurements were performed in triplicate,
166
averaged and expressed as percent size fraction of clay, silt, sand and gravel. 
Metal contents and distribution in soil profiles

169
The sieved samples (≤ 2 mm) from each profile layer were ground with a centrifugal ball 170 mill (Retsch MM400, Germany) to finer than 63 µm. For total digestion, a pressure digestion 171 system (DAS; PicoTrace, Germany) was used. Approximately, 100-150 mg of the ground 172 samples was filled into TFM vessels with strong acid (2 ml HNO 3 , 3 ml 40% HF and 3 ml 70%
173
HClO 4 ; Suprapur, Merck). For sequential extractions (Zeien and Brümmer, 1989) containing bacterial biomass and intact colonies, were also mounted on object slides and
259
analyzed for Mn and Ni with LA-ICP-MS, using spot sizes from 180 to 250 µm, laser energy of 260 1.8 to 2 mJ and at 10 laser shots s -1 .
Results
264
Physiochemical parameters measured in soil profiles
265
Detailed soil profiling was performed for P1 and P2. Visual observation identified a black
266
Mn oxide barrier layer present in both P1 and P2 at 90 cm and 60 cm depth, respectively (Fig. 2) .
267
Overall P1 and P2 consisted of nine and six different soil layers, respectively, clearly 268 distinguishable by soil colour, with each profile including a allochthonic layer (10 YR 5/6) and 269 the Mn oxide barrier (10 YR 3/2).
270
In P1 soil redox potential, electrical conductivity and pH varied from 549 ±10 to 664 ±10 for P2 compared to the other layers (Table 3) .
280
Grain size analysis in P1 showed that the top three layers at 10, 30 and 50 cm depth were 281 similar in grain size composition and mainly composed of sand (up to ~60% of the total grain 282 size distribution at 30 cm depth). However, in the Mn oxide barrier at 90 cm depth, gravel 283 contributed a significant fraction of the total distribution (~42% gravel, ~34% sand and ~20% 284 silt) and was more prevalent in the layers directly above and below the barrier (Fig. 3) . In P2, the 285 soil layers were generally more variable in composition with depth compared to those in P1, and 286 in contrast to P1, the Mn oxide barrier at 60 cm depth was comprised predominantly of sand
287
(~55% sand, ~23% silt, ~16% silt and 5% gravel) (Fig. 3 ). (Fig. 4) , combined with electron microprobe spot analyses (Table 4) 
333
In comparison to the Fe-bearing and Si-bearing minerals, the Mn-bearing minerals (point A, 334 
346
To further determine the crystallinity and mineralogy of the birnessite, we performed Mn actinobacteria and proteobacteria with the ability to oxidize Mn in pure culture (Fig. 7) .
372
Specifically, we identified three Gram-positive firmicutes affiliated to Bacillus safensis, Bacillus 373 altitudinis and Brevibacillus reuszeri. These bacteria are spore-forming and were able to oxidize
374
Mn after initiating spore formation. We also identified two Gram-positive actinobacteria 375 belonging to the genera Arthrobacter and Frondihabitans. Lastly, within the Gram-negative 376 proteobacteria, we identified an isolate belonging to the genus Sphingomonas (Fig. 7) . The 377 identified MOB and their sequence similarity to the GenBank database are shown in Table 5 .
378
SR-XRD of the precipitates produced by the MOB in the laboratory (Fig. 8) showed that, , 2005) . This is the first study to identify these bacteria as MOB in an acidic soil environment. (Table 5) ,
434
which we subsequently culture to produce poorly crystalline hexagonal birnessite (Fig. 8 with Fe oxides (amorphous F5 and crystalline F6) than Mn oxides (Fig. 3) . Importantly, in both 
475
Further insight into the preferential distribution of metals between the Mn and Fe 476 fractions can be gained by closer inspection of our total digest and sequential extraction results
477
post barrier layer in P2 (from 65 -90 cm depth), where we measure Mn at only very low levels but significantly elevated Fe (Fig. 2) Fe oxides (F6) over Mn oxides (Fig. 3) adsorbed as a Ni(II) surface adsorption complex (e.g., Xu et al., 2007) . On the other hand, Co (Manceau et al., 1997 ), Cr (Manceau and Charlet, 1991 ), Tl (Peacock and Moon, 2012 of the Mn oxide barrier layers in P1 and P2 (Fig. 3) . This enrichment is similar to that observed 519 in weathered rock from Koongarra, Australia, where Ce occurs as microcrystalline oxide 520 globules on Mn mineral surfaces (Koppi et al., 1996) , due to the oxidation of Ce(III) to Ce(IV)
521
resulting in the formation of CeO 2 (Ohta and Kawabe, 2001 ).
522
In summary, biogenic precipitation of poorly crystalline hexagonal birnessite and the Step 
